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INTRODUCTION
In the last two decades, productivity and environmental considerations have spurred on intense research activity on the replacement of solvent-based polyurethanes, in order to reduce both production costs and volatile organic compound (VOC) emissions. This has resulted in the development of aqueous polyurethane dispersions (PUD), 1 -6 which have led to successful industrial applications, particularly for coating and adhesive formulations. However, the behaviour and properties of PUDs are significantly different from those of their solvent-borne counterparts. Numerous studies, carried out in order to develop competitive PUDs, have provided interesting information on various aspects of both the synthetic aspects and the properties of the ensuing dispersions. 4 However, most of these investigations still call upon the use of a co-solvent for the polymer preparation.
In a recent publication, 7 we showed that suitable PUDs can be synthesized without the use of any organic solvent. In that study, we focused our attention on the effects of the nature and proportion of urethane groups on the properties of the ensuing dispersions and dry polymers. The present investigation deals with the influence of the structure and the length of the soft segments along the polymer chain, ie with the role of the macrodiol used in the synthesis. For this, we chose a variety of macrodiols based on the two structural families most commonly used in PUD syntheses, viz oligoether and oligoester diols.
The actual chemical nature of the macrodiol chain affects properties such as the emulsion stability and particle size 1 (extent of hydrophilic character) and the polymer mechanical properties 6 (formation of crystalline domains).
The molecular weight of the macrodiol, ie the length of the soft segments in the polymer chain, is also a relevant parameter, since a low degree of polymerization (DP) will generate a high alternation of soft and hard segment, and thus better phase mixing, whereas a high DP will enhance the flexibility of the polymer chains and induce better phase separation between the soft and the hard domains (Fig 1) .
In order to assess the relevance of these features, we prepared and characterised a series of PUDs based on two aliphatic diisocyanates and a wide selection of macrodiols, using the same catalyst, emulsifying agent and chain extender, as well as the same Figure 1 . Models of the polyurethane chain structure for low and high molecular weight macrodiols. and molecular weights). The duration of this reaction depended critically on the time needed to reach the calculated value of the residual NCO concentration, which was determined by the standard dibutylamine back-titration method ASTM D 2572, and it varied between 1 and 2 h.
Dispersion in water and chain extension
Once the prepolymer had reached the final expected NCO content, it was slowly poured into an aqueous TEA solution kept at 25-30
• C and stirred at 280 rpm. The amount of added TEA was calculated to ensure the complete neutralisation of the carboxylic group of DMPA, namely in a 20 % molar excess. Immediately after the completion of this addition, the chain extender (EDA) was introduced slowly (in order to avoid a sudden increase in viscosity which would interfere with the formation of a good dispersion) and thereafter stirring was increased to 500 rpm and the medium left reacting (chain extension) for 90 min. The quantity of EDA added was calculated in order to obtain a 1:
Scheme 1 summarises the mechanistic steps involved in the overall preparation of these dispersions, which had a solid content of about 32 % w/w.
Characterisation
The aqueous dispersions were spread on a Teflon mould and dried to constant weight in an oven at 60
• C. Fourier-transform infrared (FTIR) and 1 H nuclear magnetic resonance (NMR) spectra were obtained with a Perkin Elmer Paragon 1000 and a Bruker 300 instrument, respectively.
The thermal analyses-differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)-were carried out using a Setaram DSC-TGA 92 calorimeter with a heating rate of 10
• C min −1 . The values given below as the degradation temperature correspond to the temperature at which the sample lost 10 % of its initial weight.
Static and dynamic contact angles on the polymer films were measured with a home-made goniometer operating conditions for both steps involved in the synthesis.
EXPERIMENTAL Materials
The following commercial reagents were used without further purification: α,α,α ,α -tetramethyl-1,3-xylylene diisocyanate (TMXDI, Cytec), isophorone diisocyanate (IPDI, Bayer), poly(propylene oxide) glycol (PPG, M n = 400, 1000, 2000, Shell), poly(ethylene oxide) glycol (PEG, M n = 600, 1000, 1500 and 2000, Aldrich), a PEG-PPG-PEG block copolymer (BLOCK, M n = 1100, 90 % w/w of PPG, Aldrich), poly(tetrahydrofuran) glycol (PTHF, M n = 690, 1400, 2000 and 2900, BASF), poly(caprolactone) glycol containing two oxyethylene central groups (PCL, M n = 530 and 830, Daicel), poly(ethylene adipate) glycol (PEA, M n = 600, Crompton), dimethylol propionic acid (DMPA, Perstorp), dibutyltin dilaurate (DBTL, Aldrich), triethylamine (TEA, Acros) and 1,2-ethylene diamine (EDA, Acros). The high purity, functionality and molecular weight of all these products were verified by spectroscopic techniques and vapour pressure osmometry.
Synthesis
All the dispersions were made using the 'prepolymer mixing process' described in our previous study. 7 
Prepolymer preparation
The synthesis of the polyurethane anionomers was carried out in bulk without any intervention of an organic solvent. This first step in the preparation of the dispersion required successive additions of DBTL, the diol and DMPA to the diisocyanate in an inert atmosphere at a temperature of 80 to 100
• C, under mechanical stirring at 280 rpm. In the present study, both the [NCO]/[OH] molar ratio (r = 1.8) and the amount of DMPA (4.55 % w/w, based on the prepolymer) were kept constant and only the nature of the macrodiol was varied (different chemical structures equipped with a CCD camera working at up to 200 images per second. 8 The results were collected in a video card and processed by image analysis software. Among the various approaches based on contact angle measurements available to determine the different contributions to the surface energy of a solid, 9 we chose those proposed by Owens and Wendt and by van Oss, as we did in our previous study. 7 The first provided the polar and the dispersive contributions (γ P and γ D , respectively) and both methods gave the total surface energy γ T . Observation of the suspended polymer particles in the poly(urethane-urea) dispersions was conducted using transmission electron cryomicroscopy, 10 following the procedure described previously. 7, 11 The average particle size measurements of the aqueous dispersions were performed by light scattering, using a Malvern Autosizer 2c apparatus.
The zeta potential of these particles was measured by their electrophoretic mobility with a Malvern Zetasizer 2000 instrument.
The surface tension of the dispersions was determined with a Krüss K10ST digital tensiometer equipped with a Du Nouy platinum ring.
RESULTS AND DISCUSSION
Although we succeeded in synthesizing prepolymers with the various PEGs as macrodiols, during the chainextension step the prepolymers were so hydrophilic that they could not be dispersed and instead yielded a gel-like mass partially soluble in water. These systems were therefore abandoned.
Effect of the macrodiol structure
According to our previous study 7 , IPDI and TMXDI appeared to be particularly suitable for the preparation of PUDs. Thus, all the dispersions were prepared from one or the other of these two aliphatic diisocyanates, using a fixed [NCO]/[OH] molar ratio of 1.8. The macrodiols used in this context can be divided into two types, namely the oligoether diols (PPG, PEG BLOCK, PTHF) and the oligoester diols (PCL, PEA). The characterisation of the polymers prepared with a given diol of each structure is given in Table 1 .
The lower cohesive energy of the ether group compared with that of the ester and the relatively high molecular weight of the oligoether diols used gave rise to two glass transition temperatures for the polymers made with these macrodiols. The lower value, T gs , was associated with the soft polyether segments of the polymer chain, whereas and the higher value, T gh , reflected the motion onset of the hard segments, ie the short sequences of hydrogen-bonded urea and urethane groups arising from the EDA and DMPA moieties.
No significant variations were encountered in terms of T gh , since the hard segments were similar in all these polymers (same diisocyanate, emulsifying agent and chain extender, and same proportions of these products), irrespective of the diol structure. In contrast, the T gs values were sensitive to the macrodiol structure, as expected. The [-O-(CH 2 ) 4 -] groups from PTHF induced a very low T gs in the corresponding polymer (−73
• C). Comparing the T gs values of the polymers from PPG and BLOCK (−30 and −37
• C, respectively) revealed that the presence of even a small amount of PEG (10 % of the macrodiol) was sufficient to increase the flexibility of the soft polymer segments.
The degradation temperatures were relatively high (higher than 300
• C) and did not seem to be affected by the macrodiol structure, confirming the results of Lu et al. 12 The values of the total surface energy obtained by the two procedures were in good agreement and the polar contributions were somewhat higher in the case of the PUDs obtained with the oligoester diols PCL and PEA, because of the higher polarity of the ester moiety compared with the ether counterpart.
The properties of the corresponding aqueous dispersions are reported in Table 2 . As expected, there were no significant variations in the following parameters, which were essentially governed by the aqueous medium: pH (essentially determined by the excess of TEA added in the neutralisation step); surface tension (the small variations could be explained by the presence of different traces of surfactant in the macrodiols); and zeta potential (directly related to the negative charge density of the polymer chains, which was kept constant through the same amount of DMPA used in all the syntheses).
The only parameter sensitive to the macrodiol structure was the average particle size and a clear dependence on its relative hydrophobic character was obtained. Thus, the hydrophilic character of PPG explained the low average particle size of the corresponding dispersion (46.2 nm). The presence of a small amount of PEG in the block copolymer increased this hydrophilicity even further and gave rise to a much lower particle size (25.6 nm). In contrast, the sequence of four consecutive CH 2 groups in PTHF increased the hydrophobic character of the corresponding polymer, and this resulted in a significantly higher particle size (92.0 nm). Finally, the dispersions made from the oligoester diols displayed similarly high average particle sizes, mostly because of the same hydrophobic effect induced by their methylene sequences.
When PTHF was used as macrodiol, the characterisation of the dispersions by cryomicroscopy highlighted a particle encapsulation phenomenon, as shown in Fig 2. This feature was attributed to the crystallisation of soft segments during the prepolymer synthesis, favoured by the regular and symmetrical structure of PTHF. Thus, during the dispersion step, only the amorphous portions of the prepolymer could react with the chain extender. The resulting macromolecules surrounded the inactive crystalline prepolymer and generated the observed microcapsules. It can be concluded that the macrodiol structure significantly affected the course of the synthesis, the stability of the ensuing dispersions and some of the properties of both the dispersions and the polymers. The ether versus ester structural comparison showed an influence mainly on the polymer properties related to the differences in polar character of these moieties, ie the flexibility (T g ) and the surface energy. The hydrophilic character of the macrodiol was found to be an essential feature in terms of dispersion stability and average particle size. However, excessive hydrophilicity of the prepolymer, such as when PEGs were tested, led to its partial solubility in the aqueous medium and thus prevented proper dispersion. Finally, we showed that a macrodiol possessing a highly regular and symmetrical structure could induce the formation of crystalline microphases, thus enhancing the polymer properties, but also causing some particle micro-encapsulation (PTHF), or even the formation of a rigid foam (PCL 830).
Effect of the macrodiol molecular weight
For this study, we made three different groups of dispersions: two using PPGs of different molecular weight (MW ) and either TMXDI or IPDI, and the third with IPDI and PTHFs of varying MW. Figure 3 shows the FTIR spectra of the three polymers prepared with TMXDI and three PPGs of different MW. As expected, the intensity of the urethane and urea peaks (C=O 1711 and 1659 cm −1 , C-N 1552 cm −1 ) decreased with increasing macrodiol MW, in relation to those of the C-O-C (1098 cm −1 ) and C-CH 3 (1459 cm −1 ) macrodiol peaks. The characterisation of the polymers arising from the three combinations is shown in Table 3 ).
macrodiols used were polyethers, two glass transition temperatures, T gs and T gh , were detected for all the polymers, except those prepared with low-MW macrodiols (PPG 400 and PTHF 650). In those cases, the soft segments were too short to cause phase separation and therefore the materials exhibited a single T g glass transition. The values of T gh were not affected by the change in macrodiol MW, whereas those of T gs decreased with increasing MW, because of the increasing chain flexibility and the better phase separation, both induced by the progressively higher soft segment length (Fig 4) . With all the tested combinations, the degradation temperature of the resulting materials increased with increasing macrodiol MW (Fig 5) . It is well known that oligoether moieties have a higher thermal stability Table 3 ). Figure 6 . Effect of the macrodiol molecular weight on the surface energy of polymer films (see Table 3 ).
than urea and urethane groups. 6 Thus, the increase in the proportion of oligoether structures in the polymer chains as the MW of their precursor increased explains the growing thermal stability of the corresponding products.
The surface energy of these polymer films showed different tendencies, depending on the macrodiol used (Fig 6) . With PTHF, the surface energy decreased with increasing macrodiol MW, particularly in terms of polar contribution, because of the progressive decrease in the proportion of the polar urea and urethane groups in the macromolecules, to the advantage of the less polar PTHF segments. With PPG, there was no significant variation of the surface energy as the macrodiol MW was varied, which was explained by the modest difference in polar character between the PPG and the urethane/urea moieties. Table 4 gives the characterisation of the corresponding dispersions. Here too, as expected, the variation of the macrodiol MW had no significant effect on pH, surface tension or zeta potential.
The increase in the macrodiol MW could affect the polymer particle size in opposite trends because, on the one hand, the increase in chain flexibility could facilitate the dispersion of the prepolymer and thus induce a lower polymer particle size 13, 14 and, on the other hand, the decrease in the proportion of emulsifying sites in the polymer chains (related to DMPA, but also to urethane and urea groups) could provoke an increase in the polymer particle size. 15, 16 The second phenomenon appears to have Figure 7 . Effect of the macrodiol molecular weight on the average particle size of the dispersions (see Table 4 ). predominated in the present context, as shown in Fig 7 . This trend was confirmed by the use of cryomicroscopy coupled with image analysis applied to the dispersions prepared with PTHF, which provided their particle size distribution (Table 5 and Fig 8) .
The polydispersity and asymmetrical shape of these distributions widened with increasing macrodiol MW. Moreover, the encapsulation phenomenon was also enhanced, as clearly shown in Fig 9, confirming the hypothesis of a partial crystallisation of the soft segments of PTHF, which was facilitated by an increase in their length.
CONCLUSIONS
This investigation provided some useful indications on how to optimise the properties of polyurethaneurea dispersions and of the corresponding polymers.
In particular, it showed that the macrodiol structure affects the dispersion stability, the average particle size and the glass transition temperature of the polymer.
As for the role of the macrodiol molecular weight, a progressive increase in the length of the soft segments in the polymer chain improved their phase separation and thermal resistance, reduced their glass transition temperature relative to the soft segments (T gs ) and, depending on the macrodiol hydrophilicity, enhanced the emulsion particle size. PPGs proved to be the most suitable macrodiols for PUDs, because, with both diisocyanates, they gave low-viscosity prepolymers that were easy to disperse and stable polymer emulsions characterised by low particle sizes. The properties of the corresponding polymers films were also entirely satisfactory.
Work is in progress to assess the role of other specific macrodiols, such as acrylates or fluoro-oligoethers, and of the emulsifying agent.
